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Many aspects of the human immunodeficiency virus (HIV) life cycle are well understood, yet a key paradox remains. The primary targets for HIV are resting CD4 T lymphocytes that are not permissive to HIV replication unless activated by some external and independent event. Numerous mechanisms for this essential cellular activation step have been proposed, including coinfections, vaccination, cytokines, and endogenous microbial flora. We propose that a review of the scientific evidence reveals a simple and direct source of CD4 cell activation: HIV itself.
During HIV infection, the great majority of virus produced is noninfectious, i.e., "defective," primarily as a result of the error-prone process of reverse transcription. Although noninfectious, this defective virus is far from innocuous. We propose that defective HIV particles provide a solution to this paradox, playing a specific, integral role in the HIV life cycle and in driving pathogenesis by (i) preferentially activating CD4 T cells, rendering them permissive for productive HIV replication, and (ii) providing a large pool of constantly changing HIV peptides that are presented on major histocompatibility complex (MHC) class II molecules to continuously stimulate resting CD4 T cells of different antigen specificities. Here we review the evidence for the central role of defective virus in fanning the flames of initial infection and aiding and abetting infectious HIV in its progression to late-stage disease.
HIV, RESTING CD4 T CELLS, AND THE IMPORTANCE OF T-CELL ACTIVATION
Most of the CD4 T cells in the body are resting cells waiting to be activated by a specific or nonspecific immunologic stimulus. Although HIV enters and undergoes reverse transcription in the cytoplasm of resting CD4 T cells, the preintegration complex (PIC) is degraded and the cell is "cured" unless the infected, resting CD4 T cell is activated within a few days (11, 14, 57, 89, 90, 93) . The exact mechanisms involved in this transient, dead-end infection are not clearly understood but are thought to include actions of APOBEC (apolipoprotein B-editing catalytic subunit) or blocks in reverse transcription or in nuclear import of the HIV PIC. Interestingly, quantitative measurements of HIV have shown that the inactive, labile form of HIV DNA represents the most common form of the virus (4, 30, 69, 71) , and roughly 1% of all resting CD4 T cells in an infected individual harbor unintegrated DNA (15) .
To become permissive for HIV replication, a CD4 T cell carrying a replication-competent PIC must be activated. With cellular activation, the HIV PIC is imported into the nucleus, and the HIV life cycle continues with production of progeny virus (11, 76, 89, 90) . Specific activation of CD4 T cells occurs via presentation of peptide antigen in the context of MHC class II molecules on dendritic cells or other antigen-presenting cells (APCs). CD4 T-cell proliferative responses to HIV-specific proteins are present in early infection (66) and can also be induced in vitro by antigen-loaded dendritic cells (81) . Additionally, R5 and X4 envelopes can activate resting CD4 cells through a mechanism that is dependent upon coreceptor engagement (16) . Nonspecific activation can occur when CD4 T cells are stimulated by cytokines in the local environment; tumor necrosis factor, interleukin-2 (IL-2), IL-4, IL-7, IL-15, and other proinflammatory cytokines have been shown to activate resting CD4 T cells (18, 20, 78) . When activated, CD4 T cells undergo several rounds of cell division and clonal expansion (9, 74) and become highly susceptible to infection by exogenous HIV. Infected cells are usually killed by cytotoxic CD8 T lymphocytes (CTL), by apoptosis, or by the cytopathic effects of infection. Occasionally, activated infected cells survive infection and become long-lived, latently infected cells. Reactivation of resting memory cells with latent proviral HIV has also been shown to result in active virus replication (15) .
DEFECTIVE VIRUS PREFERENTIALLY DRIVES THE MHC CLASS II (CD4 T-CELL) RESPONSE
In most viral illnesses, the immune system clears the infection and develops immunological memory to prevent recurrence of disease. HIV defeats this process and appears to evade immunologic control by continuously evolving to escape the CTL response (2, 8, 24, 55, 60) and neutralization by antibodies (1, 3, 64, 87) . The continuous evolution of HIV, deemed useful for "immunological escape," is sustained by a high rate of mutation and a high rate of replication. The high mutation rate is driven by the error-prone process of reverse transcription (5) (6) (7) 63) and by recombination (34, 35, 94) . The end result is the generation of the large range of viral diversity and a predominance of defective virus.
Perhaps by oversight, defective virus has not been a primary focus of study. From a virologic standpoint it is noninfectious material of no consequence, and from an immunologic standpoint it is the by-product of a viral mechanism to stay one step ahead of the cellular and humoral responses. Yet vaccine studies have shown that CD4 T cells exposed to whole killed or UV-inactivated HIV (analogous to defective virus) become activated in vitro (31, 51) and proliferate through nonspecific mechanisms (68) as well as in response to HIV peptides presented on MHC class II molecules on APCs (74) . Thus, defective virus that remains in the extracellular space may be the ideal antigen for the activation of CD4 T cells.
THE MHC CLASS II RESPONSE
Peptides presented to CD4 T cells are processed from exogenous antigens (such as defective virus) that are endocytosed by the APC and degraded, and the resulting peptides are displayed on the APC surface in complex with MHC class II molecules. In contrast, CD8 T cells recognize viral peptides in the context of MHC class I molecules. Unlike the peptides that are presented on MHC class II molecules, peptides presented to CD8 T cells on MHC class I molecules are processed from endogenous viral proteins made within the infected cells. Viral proteins made within an infected cell are degraded by the proteasome, transported into the endoplasmic reticulum, and loaded onto MHC class I molecules for expression on the surface of the infected cell.
Since the primary product of HIV replication is defective virus, the bulk of which remains in extracellular spaces, the law of mass action predicts that exogenous rather than endogenously produced antigen will drive the immune response. The class II response, defined by CD4 T-cell stimulation and proliferation, provides the perfect environment for HIV. The low proportion of virus that can effectively infect cells and produce viral proteins for class I presentation cannot compete with the class II response. Consistent with HIV favoring of a CD4 T-cell response is the recent finding that CD8 T-cell responses to simian immunodeficiency virus (SIV) in acute infection are "too late and too little" compared to virus replication: Reynolds et al. showed that although CD8 T-cell responses were present, their timing and magnitude lagged behind those of peak virus production (62) .
By preferential induction of the CD4 T-cell immune response, HIV can target and replicate in newly activated CD4 T cells. During primary infection, HIV-specific CD4 T cells are the first CD4 T cells to be activated and then infected. This explains why HIV-specific CD4 T-cell responses are present only early in primary infection and are not found in chronically infected, untreated individuals but can be maintained if individuals are treated with antiretroviral agents during the acute stage of disease (45, 66) . Over time, HIV-specific CD4 T cells are continuously used to sustain replicating virus, resulting in the eventual absence of HIV-specific CD4 T-cell responses (40, 49, 58, 85) . When infected, CD4 cells are killed directly by cytopathic effects of replicating virus and by CTL. Yet there are also important mechanisms that trigger CD4 T-cell death in activated, uninfected cells. Apoptosis of uninfected cells through Fas/Fas ligand as a mechanism of CD4 T-cell depletion has been studied extensively. Also, Herbeuval and coworkers (28) have shown that noninfectious HIV can effectively and specifically trigger CD4 T-cell apoptosis with signaling through the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor 5 and TRAIL ligand. Thus, defective virus can drive virus production via cell activation and can drive T-cell loss by induction of activation followed by apoptosis (28) . Interestingly, the lack of these apoptotic mechanisms in the sooty mangabey may be associated with protection from development of disease (see below).
As CD4 T cells that are specific for the more common HIV antigens decline over the course of disease, the HIV proteins presented change as HIV mutates. Because every CD4 T cell has its own specificity and is activated by a unique peptide, each peptide generated has the potential to activate a CD4 T cell of a different specificity. It has been shown that during chronic infection the specificities of the CD4 T cells devolve to epitopes of lower avidity and frequency (85; reviewed in reference 21). With an error rate that changes every amino acid in the HIV sequence every day (54, 73, 86) and with one in four changes being frameshift mutations (5-7, 63), defective virus continuously generates new peptides. Even a single amino acid change in peptide sequence can have a major impact on peptide-MHC binding; recent data have shown that the stability of the MHC class II-peptide complex is key to the ultimate hierarchy of the elicited CD4 T-cell response to antigen (41) . Furthermore, out-of-frame, cryptic peptides made in alternative reading frames of HIV sequences (recently identified for MHC class I presentation [12] ) are likely to exist and increase the repertoire of peptides for MHC class II presentation. Thus, continual generation of mutations and defective viral proteins is a means of generating new peptides that stimulate CD4 T cells of many different T-cell receptor specificities.
Recent studies provide evidence for positive selection of CD4 T-helper epitopes within the virus genome. Using a molecular genetic and statistical approach, Yang and coworkers examined evolution throughout the HIV genome and found that there was widespread adaptive evolution, with a significant number of CD4 T-helper epitopes under positive selection (P ϭ 0.0001) (56, 88) . Though Yang and coworkers also found evidence for positive selection for CTL and antibody escape within the genome, there were fewer sites than predicted by a random distribution. Taken together, these data argue that HIV actively seeks new CD4 T-helper cell epitopes and minimizes the CTL and antibody sites within the genome.
Peptide diversity has an impact on stimulating CD4 T cells within an individual, but also within a population. There are hundreds of MHC class II alleles in the population as a whole, each with different peptide-binding specificities. Since every individual has a set of MHC molecules with different ranges of peptide-binding specificities and there are multiple variants of each MHC gene within a population as a whole, peptide diversity ensures that very different MHC molecules will find peptides that bind. It is important to note that there has been little success in correlating an MHC class II genotype with protection from disease progression (43) .
ESTABLISHMENT OF INFECTION
The earliest events in acute HIV and SIV infection have recently been defined (10, 42, 50, 79, 83, 92 ; reviewed in reference 59). During mucosal exposure, the probability that replication-competent virus will infect a cell in an appropriate activation state and sustain productive infection is extremely small. This is true for two reasons: normally the vast majority of susceptible CD4 cells are resting, and the bulk of the virus in the inoculum, as reflected by the viral load in plasma, is defective. The likely scenario is that a small amount of virus crosses the mucosal barrier, the replication-competent virus enters the cytoplasm of a resting cell, and defective virus remains in the extracellular space to serve as antigen. In CD4 T cells, following the two events, within the same cell, are required for productive HIV replication: (i) virus entry and (ii) cell activation. Although the order of these two events is interchangeable, both must occur within a given time frame.
Zhang et al. have shown that resting CD4 T cells are in fact the first cells infected in the first few days following primary SIV infection of macaques (91) . The initial founder population of infected cells, early in primary infection, is small. In the first few hours following inoculation, infected cells have been detected by assays for viral DNA, but not for viral RNA, indicating a lag between virus entry and active replication (50) .
Although it has not been directly demonstrated, interruption of continued replication of HIV immediately after primary infection is possible if there is insufficient activation of the infected CD4 T cells. Transient infections may occur if virus replication is not sustained and/or if other susceptible CD4 cells (such as macrophages and dendritic cells) are not infected. This could result in very limited infection, involving small numbers of CD4 T cells. Consistent with this scenario are reports that perinatally HIV-exposed infants and high-risk adults repeatedly exposed to HIV can be transiently HIV positive by PCR (65, 67) and have T cells that respond to HIV antigens (17, 38).

INFLAMMATION AND FOCAL INFECTIONS
HIV disease is often described as a disease of immune activation, yet the causes of immune activation are still not fully explained (21, 26, 48) . Activation of the immune system increases the likelihood that transmission and persistent infection will occur. Epidemiological studies of cofactors of HIV infection show that establishment of infection is a highly inefficient process and the efficiency of transmission is increased by a number of factors. For example, cofactors such as sexually transmitted diseases (25) or inflammation (29, 44, 70, 77, 80) greatly increase the efficiency of the transmission. All cofactors that have been shown to enhance infection either increase viral load in the inoculum or increase the frequency and availability of target cells in the host.
Following initial infection, SIV spreads in a highly focal pattern, first at the portal of entry and then in lymphoid tissues (50) . As the number of cell-to-cell transmission events increases, there is less and less chance that the infection will become self-limiting. A model based upon this mechanism has been proposed by Haase and coworkers (50, 91) . Here we extend their model by proposing that defective virus driving CD4 T-cell activation and HIV entry are inextricably linked for production of progeny virions. The two events, CD4 T-cell activation and HIV entry, can be carried out simultaneously by APCs carrying viruses from the initial site of infection. APCs effectively activate CD4 T cells and transmit virus via a process dubbed the viral synapse (36, 37).
The two events are also closely linked later in the course of disease. During chronic HIV disease there is extensive trapping of virus on the follicular dendritic cell network in lymphoid organs (53, 75) . As resting CD4 T cells migrate through these lymphoid organs, they can become both infected and activated by uptake of virus and T-cell-receptor-driven stimulation by the infectious and defective material trapped in the follicular dendritic cell network (27, 32) . When resting CD4 T cells encounter APCs and defective virus in the lymph nodes, they undergo a switch in surface phenotype from naïve resting to "memory." The newly stimulated cells are the ideal cells to support active virus replication. Recent stimulation of resting CD4 by APCs presenting defective virus may explain how phenotypically identified "resting cells" can produce virus (42) and why "memory" cells are more susceptible to infection and death (46, 47, 82) .
Once virus enters the gut-associated lymphoid tissues (GALT), the focal infections are increased exponentially and there is a dramatic loss of CD4 T cells. The GALT contain a significantly higher proportion of activated CD4 T cells than other tissues, lymph nodes, and blood, ostensibly through chronic activation by gut microflora and ingested antigens. The constitutively higher level of activated cells found in the gut, combined with additional activation by HIV antigens, results in massive numbers of susceptible CD4 T cells that fuel virus replication in the acute phase of disease. With generalized activation, multiple mechanisms (such as direct killing by virus, CTL killing, and bystander effects) can cause CD4 T-cell depletion. An additional mechanism is the homeostatic response of activated cells to undergo apoptosis or to convert to a resting memory phenotype. It is now clear that in both HIVinfected individuals and SIV-infected macaques, approximately half of all the CD4 memory T cells are depleted from lymphoid tissues, especially the gastrointestinal tract, within the first 2 weeks of infection (10, 42, 46) .
Focal infections are consistent with a model whereby a productively infected cell produces defective virus that stimulates adjacent CD4 T cells. Localized activation of CD4 T cells is conducive to foci of (mostly defective) virus driving the spread of replication-competent virus from one activated CD4 T cell to the next. Resting cells harboring replication-competent virus become permissive to infection, and adjacent uninfected activated cells become susceptible targets for productive infection.
In support of this model, Cheynier and coworkers (13) have shown that individual splenic white cell pulps, less than 1 mm 3 and very closely spaced, contained distinct proviral sequences as well as distinct T-cell subsets. In the SIV system, unique clones of SIV have also been identified in separate, focal regions of spleens from infected macaques (61) .
INFECTION WITHOUT DISEASE
Lack of immune activation has also been postulated to protect SIV-infected sooty mangabey and African green monkeys from progressing to AIDS (39) . Recently, Dunham and coworkers (22) have shown that production of cytokines (IL-2, tumor necrosis factor alpha, and gamma interferon), particularly from dendritic cells, is quantitatively reduced in sooty mangabeys compared to rhesus macaques and that expression of alpha interferon is absent in sooty mangabeys. This modu-lation in response sets the stage for nonpathogenic SIV-sooty mangabey coexistence, while the same triggers in rhesus macaques and humans result in generalized activation of the immune system and immunopathogenesis. Additionally, soon after virus infection of sooty mangabey monkeys, expression of IL-7 is increased and there is a marked decline in CCR5-expressing cells in circulation. This results in an efficient means of replenishing the CD4 T cells that are productively infected in these animals (52, 84) .
Since all primate lentiviruses are nonpermissive for productive infection in resting CD4 T cells, the virus-host interaction between sooty mangabey and SIVsm has evolved to separate the activation event required to maintain virus replication from the activation processes that drive immunopathogenesis. In keeping with the model proposed here, SIVsm has been shown to generate extensive viral sequence variation throughout the course of infection (19) . Yet, the two-step process of viral infection and activation that drives virus production has been decoupled from apoptosis of uninfected cells, pathogenesis, and disease progression. This decoupling may be related to the homeostatic mechanisms and cytokines involved in regulating sooty mangabey T-cell memory; several studies have shown that cytokines can exert a preventive effect on T-cell death (reviewed in reference 33).
CHRONIC DISEASE
After the acute phase of disease with explosive infection of the GALT, HIV disease returns to a pattern of focal infections within pockets of susceptible CD4 T cells. However, since many of the CD4 T cells that proliferated in response to the more common HIV epitopes are depleted, new peptides must be generated to continue activating the remaining CD4 T cells. In studying the molecular evolution of HIV, Shankarappa et al. (72) have defined the range of viral diversity within a host as well as the divergence of the virus from the founder strain. Their studies show that HIV evolves in vivo both to generate maximum diversity and to maximize the distance from the founder strain. This has been taken as evidence that HIV is evolving to escape immune pressure, and this may be true for specific CD8 T epitopes. However, this viral evolution also creates an ever-expanding repertoire of CD4 T epitopes that effectively stimulate and then eliminate any possible response. Interestingly, Shankarappa et al. have mapped the point of maximal viral genetic diversity to a point immediately before the loss of T-cell homeostasis. Therefore, HIV may have evolved to maintain a high replicative capacity and generate a large amount of viral diversity, not to evade the immune response but rather to specifically engage and activate a sufficient number of CD4 T cells to maintain virus growth.
SUMMARY OF THE MODEL
Our synthesis draws from basic HIV biology, studies of acute HIV and SIV infection, vaccine studies, immunology, population genetics, epidemiology, and studies of transient infections. The primary components are as follows (Fig. 1) .
(i) Resting CD4 T cells with a PIC represent the largest reservoir of HIV-infected cells in vivo (14, 23) . Resting cells are not permissive for active HIV replication. If HIV replication is to occur, then the resting state of these PIC-containing CD4 T cells must be overcome.
(ii) HIV uses the class II antigen presentation pathway, with the antigen being the virus itself. Virus growth and evolution in an infected host generate new variants with new MHC class II specificities that maintain immune activation of CD4 T cells and keep replication at a level that sustains persistent, active infection.
(iii) The two-step process, infection and cell activation, leads to focal centers of activation that are a common feature of primate lentiviruses. The generation of viral diversity seen in lentivirus infection drives the activation process of CD4 T cells that leads to apoptosis and is pathogenic in humans but not in the natural hosts.
This model of viral and immune pathogenesis has direct implications for HIV research in prevention, vaccine development, and therapeutics. New approaches aimed specifically at decreasing CD4 T-cell involvement rather than engaging CD4 T-cell responses are needed. Examples might include T-cellspecific immunomodulatory microbicides and/or therapies that carefully target CD8 T-cell and antibody responses while minimizing CD4 T-cell stimulation. Research in HIV pathogenesis will progress in many different directions in the coming years. We hope that this discussion has provided a model that might be worth investigating.
